acid requirements of laying hens has been carried out during peak production. Therefore, the objective of our study was to investigate the effects of l-Thr supplementation to a diet based on corn-soybean meal on laying performance, egg quality, serum free amino acids, and digestive enzyme activities for 56-to 64-wk-old laying hens.
MATERIALS AND METHODS

Birds and Housing
The experiment was carried out in accordance with the Chinese guidelines for animal welfare and approved by the animal welfare committee of Animal Science College, Zhejiang University. Six hundred forty Jinghong I layer hens (brown-egg laying hen from a commercial layer farm), 56 wk of age, were randomly allocated to 4 treatment groups, each of which included 5 replicates of 32 hens. The hens were housed 4 birds per cage under the same managerial conditions in a windowed poultry house. The photoperiod was 16L:8D throughout the experiment. The present study was carried out during November 2012 to January 2013 and the mean daily temperature was 19 ± 5°C.
Diets
Hens were fed diets based on corn, soybean meal, and crystalline amino acids. Graded levels of Thr [4] were added to the basal diet (14.56% CP) at 0.0 (control), 1.0, 2.0, and 3.0 g/kg; determined Thr values were 5.7, 6.5, 7.4, and 8.7 g/ kg of diet, respectively. Feed in mash form and water (via nipple drinkers) were provided freely. This study lasted 60 d, including a 7-d acclimation period and 53-d experimental period. Ingredient composition and analyzed nutrients are presented in Tables 1 and 2 , respectively. Feed samples from each experimental diet were prepared in duplicate and analyzed for CP and amino acids [5] . To determine amino acids, samples were hydrolyzed with 6 M HCL at 110°C for 24 h and the major amino acid composition of hydrolysates was analyzed by HPLC [6] Laying Performance Parameters and Egg Quality Hen-day egg production, egg weight, and hen mortality were recorded daily and feed consumption was recorded weekly on a replicated basis. Egg mass was calculated (egg weight × egg production). Feed conversion ratio was calculated as grams of feed intake per gram of egg mass produced. At the end of the experiment, 15 eggs from each treatment were randomly collected to assess egg quality parameters. The eggs were weighed, cracked, and albumen height, Haugh units, yolk color, and eggshell strength were measured with the digital egg tester [7] 
Blood Sampling and Laboratory Analyses
At the end of the experiment (wk 64), 6 hens per treatment were slaughtered by cervical dis- location and blood samples were collected. After being separated naturally, the serum was centrifuged for 10 min (958 × g) at room temperature. Serum samples were aspirated by pipette and stored in 1.5-mL Eppendorf tubes at −70°C until analyses, and thawed at 4°C before analysis. Serum concentrations of uric acid, total protein, alkaline phosphatase, Ca, and P were measured spectrophotometerically [8] using commercial kits [9] To determine free amino acids, serum was deproteinized by mixing equal volumes of serum and trichloroacetic acid (7.5% wt/vol) in a 1.5-mL microcentrifuge tube. The samples were vortexed (30 s) and centrifuged for 15 min at 15,000 × g at 4°C. A 20-µL aliquot of the supernatant was injected into the HPLC column [6] . Amino acids were separated by cation exchange using lithium buffers with UV light detection (570 nm) of individual amino acids (440 nm for proline) achieved by postcolumn ninhydrin derivatization.
Digestive Enzyme Estimation
Immediately following slaughter, the mucosa was scraped from the jejunum of the 6 hens and were homogenized in ice-cold 0.1 M sodium chloride solution. The homogenates were then centrifuged at 20,000 × g for 30 min at 4°C and the supernatant was collected and stored at −70°C for enzyme assays. After thawing, the homogenates and adjusting to room temperature, the activities of α-amylase, trypsin, and α-alkaline phosphatase were analyzed by a microplate reader [10] using diagnostic kits [9] according to the instructions of the manufacturer. The protein concentrations were determined using the Coomassie Brilliant Blue G-250 reagent with BSA as a standard.
Statistical Analyses
Data were statistically analyzed by one-way ANOVA of SPSS 16.0 [11] for Windows. When significant differences were found (P < 0.05), Tukey post hoc tests were performed. The effect of supplemental levels of l-Thr was determined using orthogonal polynomials for linear and quadratic. Quadratic regression curves and equations were determined by the same software.
RESULTS AND DISCUSSION
Egg Production
Threonine supplementation increased egg production, and this response provided a quadratic model (Y = −1.54x 2 + 6.336x + 70.221; R2 = 0.9707). Hens fed 2.0 g of Thr/kg of diet had higher egg production than those fed the control diet. (Table 3 and Figure 1 ). Niemeyer [12] reported that egg production increased with increasing dietary l-Thr levels up to 0.2% in 42-to 60-wk-old laying hens fed 16.5% CP and 2,800 Kcal/kg of diet. Recently, Azzam et al. [3] reported that 0.2% l-Thr improved egg production significantly in laying hens from 40 to 48 wk of age when CP was 16%.
Feed Intake
Supplementing the diet with l-Thr did not affect feed intake; however, daily Thr intake increased linearly (Table 3) . Different conclusions concerning the effect of Thr on feed intake have been reported [2, 3, [13] [14] [15] [16] ; the results of our study are in agreement with several of these reports [2, 3, 15] . Faria et al. [14] reported that no significant differences could be observed in feed intake as the levels of Thr in the diet ranged from 0.42 (experiment 1) or 0.40 (experiment 2) to 0.58%. But, feed intake decreased significantly beyond 0.42% (0.40, 0.37, and 0.35%) in their study. However, the severity of Thr deficiency affects feed intake. In the current study, the lower level of Thr was 0.56%. Ishibashi et al. [13] found that feed consumption increased and then decreased linearly as dietary Thr increased. Gomez and Angeles [16] reported that feed consumption was lower in layers fed a diet with 0.48% compared with layers fed 0.42 or 0.54% digestible Thr.
Egg Weight
In relation to the egg weight in our study, supplementing the diet with l-Thr had no effect (Table 3 ). This result is in agreement to those of other researchers who reported no effects of supplemental l-Thr on the egg weight in hens [3, 13, 16] . In our study, the levels of other amino acids are formulated to meet or exceed the NRC [1] recommendations. Therefore, the current result may be related to an inadequate intake of 1 or more of these amino acids. In our study, serum free Ile decreased linearly (P = 0.04); Keshavarz [17] concluded that reduced intakes of Ile resulted in suboptimal egg weight.
Egg Mass
Egg mass increased significantly due to di- 3 and Figure 2 ). Hens fed 2.0 g of Thr/kg of diet showed improvement in egg mass compared with the control diet. Ishibashi et al. [13] reported that egg mass increased and then decreased linearly as dietary Thr increased. Likewise, Faria et al. [14] found that egg mass was significantly increased with increasing dietary Thr levels. Yamamoto and Ishibashi [18] reported that increasing dietary Lys levels resulted in significant increases in egg production rates and egg mass, but had no effect on egg weight from 78 to 85 wk of age.
FCR
Feed conversion ratio was improved linearly (P = 0.01) by Thr supplementation, and the best FCR was exhibited by hens receiving 2.0 g of Thr/kg of diet (Table 3 and Figure 3 ). This response provided a quadratic model (Y = 0.0475x 2 − 0.2135x + 2.5865; R2 = 0.9929; Table 3 and Figure 3 ). Current results are in agreement with the results of Martinez-Amezcua et al. [2] ; however, they were in disagreement with the results of Azzam et al. [3] .
Egg Quality
As shown in Table 4 , egg quality was influenced by dietary l-Thr supplementation. Interior egg quality, as indicated by Haugh units and albumen height, was better in the hens fed the different dietary l-Thr levels. Haugh units increased linearly when l-Thr increased from 0 to 2 g/kg. No effects were observed from the different dietary l-Thr levels on egg shell strength, but egg shell thickness decreased linearly (P = 0.01) as the level of dietary Thr increased; the lowest value was found in hens fed 3.0 g of Thr/ kg of diet. These results are in agreement with the results of Al Bustany and Elwinger [19] , who reported that increasing protein and amino acid levels reduced the shell percentage. Likewise, Gomez and Angeles [16] found that the egg shell percentage decreased significantly by increasing dietary Thr levels during the second cycle of production. However, Azzam et al. [3] reported that shell quality was not affected by l-Thr supplementation in laying hens from 40 to 48 wk of age.
Serum Blood Parameters
Serum total protein, albumin, uric acid, alkaline phosphatase, Ca, and P concentration were not affected due to supplemental l-Thr (Table  5 ). The effect of l-Thr supplementation on serum amino acid concentrations are presented in Table 6 ; serum free Thr increased linearly as supplemental l-Thr increased. Likewise, Ishibashi et al. [13] found that plasma Thr increased with increasing dietary Thr levels. Recently, Azzam et al. [3] reported that serum free Thr increased quadratically as supplemental Thr increased in laying hens. In broilers, plasma Thr also increased as dietary Thr increased above recommended levels [20] . Concentrations of free amino acids in circulation are indicators of a combination of supply by the feed and removal for tissue use. Serum free Ile, Phe, and Tyr decreased as supplemental l-Thr increased (P < 0.05). Also, Val tended to decrease linearly as supplemental l-Thr increased (P = 0.08). Barbour et al. [21] reported that serum Tyr of 13-wkold toms decreased significantly as the level of dietary Thr increased. Additionally, Wang et al. [22] reported that Ile and Val declined (P = 0.001) with increasing intake of true ileal digestible Thr. In the current study, Lys tended to decrease quadratically as supplemental l-Thr increased (P = 0.07). Also, Met and Cys had the same trend. Lerner [23] showed that Thr impedes Met and encourages Lys influx into the epithelial cells of the intestinal lumen. Rosell and Zimmerman [24] suggested that amino acids whose plasma levels decrease in response to supplementation with another amino acid are likely marginally deficient in the diet.
Digestive Enzyme Activity
Threonine is involved with amylase secretion in the digestive tract [25] . Block et al.
[26] showed that the Thr requirement for amylase synthesis is approximately 11% of the protein.
As digestive enzymes are made up of amino acids, and if enough amino acids are provided, enzyme production will increase and digestive function can enhance. The effects of l-Thr supplementation on digestive enzyme activity are presented in (Table 7 and Figure 4) . No differences attributable to l-Thr were found among groups in the activity of digestive enzymes (trypsin and amylase) in the mucosal homogenates of the jejunum. The activity α-alkaline phosphatase in the jejunum was analyzed as a marker of mucosal enterocyte maturation and no difference due to l-Thr supplementation was noted. The results of our study are in agreement with the results of Azzam et al. [27] , who found that no differences were observed in enzyme activities in the intestine of hens due to l-Thr supplementation.
CONCLUSIONS AND APPLICATIONS
1. Feeding laying hens from 56 to 64 wk of age graded levels of l-Thr, up to 2.0 g/kg, can improve egg production, egg mass, feed efficiency, and Haugh units. 
